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Abstract-YSCAT was an ultrawideband (2-20 GHz), 
near constant beam.width scatterometer intended to pro-
vide radar cross section (Ole.) measmements at varying 
radar and environmental parameters. YSCAT was de-
ployed on the CCIW (Canada Centre for Inland Wa-
ters) tower on Lake Ontario for a period of six months 
from June to November, 1994. Using YSCAT data, this 
paper reports 1) observance of a "low wind-speed cut-
off'', the fall-off of u o which occurs at low wind speeds, 
and 2) the results of fitting a Rayleigh/2-component log-
normal probability distribution to the observed backscat-
tered power measurements at C-band (5 GHz) and X-
band (10 GHz). The observed characteristic trends of the 
fitted pdf model parameters verses wind speed and wave 
slope are shown. and discussed. 
Introduction 
The air-sea interface is a complex, constantly chang-
ing boundary layer between the atmosphere and Earth's 
oceans. Much research has been devoted to understand-
ing this intelface and the role it plays in global weather 
and in the natural environment. In spite of this research, 
our understanding of the mechanisms involved at this in-
terface remains poor. 
The relationship between the wind and the waves gen-
erated on the sea surface is of primary importance. As 
the wind speed over the water increases, first small cap-
illary waves, then longer wavelength waves are gener-
ated. Eventually a wave spectrum emerges, and the wind 
and waves reach a steady state called a fully developed 
sea. The process through which this generation occurs, 
including when and what wavelength of waves are gen-
erated by a given wind speed, is still debated. 
Radar scatterometty has been an effective tool used to 
increase our understanding of the air sea interlace since 
the 1960's with one of the main objectives being satellite 
anem.ometty. In order to more fully understand the data 
collected by spacebome scatterometers such as NSCAT, 
ERS-1, and the soon to be launched QuikSCAT, tower 
mounted scatterometers such as YSCAT provide a cost 
effective way to study the air sea interface. 
YSCAT was developed to study the air-sea inter-
face under varying radar and environmental parameters 
[Collyer, 1994]. In one of its operational modes, YSCAT 
collected data at five principal frequencies of2, 3.05, 5.3, 
10.02, and 14 GHz, eight incidence angles of 0° (nadir), 
1 
10°, 20°, 25°, 30°, 40°, 50°, and 60°, and at both hor-
izontal and vertical polarizations. In this mode the az-
imuth angle ofYSCAT was adjusted to track the wind di-
rection, with both upwind and downwind measurements 
obtained. In this paper, "upwind" and "downwind" in-
clude 20° on either side of the true wind direction. Sort-
ing the recorded data according to wind speed and mean 
square wave slope, 3200 distinct cases of the previous 
parameters emerge on which to draw conclusions which 
may increase understanding of the air-sea interface. 
Analysis of each of the 3200 cases separately would 
be impractical in this setting; instead, an analysis of a 
few cases at wind speeds of 1-10 mls and wave slopes of 
0.1-0.8 are presented. Results will be summarized and 
compared to other cases and the implications discussed. 
Low Wmd Speed Rolloff 
Donelan and Pierson [Donelan and Pierson, 1987] pos-
tulated the existence of a roll off of Ob versus wind speed. 
At very low wind speeds, the friction velocity is too 
small to generate small waves, resulting in a smooth sur-
face and a small backscatter cross section. At higher 
wind speeds, the wind generates capillary waves and 
01o closely follows a power-law relationship with wind 
speed. This effect has been observed in carefully con-
trolled wave tank data where a hysteresis effect in Ob 
versus wind speed is observed [Plant et al., 1999a]: as 
the wind speed is increased from zero, at a temperature-
dependent threshold wave generation commences and Ob 
increases significantly. As the wind speed is decreased, 
waves are maintained at wind speeds below the startup 
threshold and finally fall off. The thresholds at which 
wave generation begins and ends is very temperature and 
long wave field sensitive. 
While this effect has been observed in wave tank data 
[Plant et al., 1999a] and in airship scatterometer data 
[Plant et al., 1999b], it has not previously been reported 
in tower data. However, YSCAT data provides strong 
evidence to support this low wind speed roll off over a 
wide range of frequencies. For example, Fig. 1 illus-
trates a typical plot of YSCAT ar!J measurements versus 
wind speed. This example is for 3 GHz at 20° incidence 
angle and is typical of YSCAT data. We note that there 
is a dramatic rolloff in the received power at wind speeds 
less than about 4 mls. The broad wind speed spread in 
the falloff region supports the hysteresis effect observed 
in wave tank data since there is a range of long wave and 
temperature conditions as well as wind 11uctuations in the 
uncontrolled environment of the tower experiment. We 
postulate that the fall off has not been observed in space 
borne scatterometer measurements due to wind variabil-
ity over the large area footprints of such instruments. 
Over the range of frequencies and incidence angles ob-
served by YSCAT, the fall off threshold varies from 3 to 
6m/s. 
2-Component Log-normal/Rayleigh Distribution 
Thompson and Gotwols [Gotwols and Thompson, 1994] 
proposed a probability distribution for modeling mi-
crowave radar backscatter based on conditional proba-
bilities, 
00 
p(a) = / p(alqo)p(cro)duo. 
0 
(1) 
This model for radar backscatter from water waves as-
sumes that the wave spectrum consists of two scales of 
waves: waves smaller than the dominant wave length but 
on the order of the scatterometer footprint or smaller, and 
dominant wavelength waves larger than the scatterome-
ter foo1print. On scales shorter than the longer domi-
nant waves, u 0 is assumed to be constant with amplitude 
a being described by a conditional probability p( alu 0 ). 
For longer wavelengths, u 0 is allowed to vary yielding 
the probability p(cro)- If both p(alcro) and p(cro) were 
known, the backscatter amplitude probability distribu-
tion p( a) could be calculated using Eq. 1. 
The distribution of p(alqo) has been debated, with 
Thompson and Gotwols [Gotwols and Thompson, 1994] 
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Figure 1: 'IYPical YSCAT backscatter response illustrat-
ing the low wind speed roll off of u o. Data is for 3 GHz, 
vertical polarization, upwind, 20° incidence angle. 
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Figure 2: Dominant wave slope versus q 0 plotted from 
the Donelan spectrum [Donelan et al., 1985]. 14 GHz, 
wind speed 8m/s, fetch is 9km. 
concluding that for their data, p( alq o) was Rayleigh dis-
tributed. YSCAT's backscatter sampling frequency of 10 
Hz is too low (compared to the 1-3KHz sampling rate 
of [Gotwols and Thompson, 1994]) to test its data by re-
moving the underlying p(cr 0 ) dependence. The present 
analysis assumes that p(aju0 ) is indeed Rayleigh dis-
tributed. 
The distribution of p( u 0 ) can be derived by starting at 
the theoretical result for u 0 given by small perturbation 
theory [Gotwols and Thompson, 1994] 
Uo = l&rk~l9ii(8i)l21'(2kmsin6i,O). (2) 
where (7 0 is the radar cross section, ei is the incidence 
angle, 9ii(8i) is a polarization dependent refiection co-
efficient with ii being hh or vv, km is the microwave 
wavenumber (w.fjii or 2~ ), and w is the wave height 
spectral density [Reed, 1995] . 
The wave height spectral density ('If) is assumed 
to be a Donelan spectrum since it was developed by 
Donelan using wave staff data taken at the same site 
where YSCAT was deployed. For a detailed descrip-
tion of the Donelan Spectrum, see [Donelan et al., 1985]. 
The refiection coefficients 9ii(8i) may be written as 
[Donelan et al., 1985] 
2 cos
4 8i(1 + sin2 8i)2 
lotlv(B,)I = (cos8i + 0.111)' (3) 
and 
cos4 Bi 
l9hh(8i)l2 = (0.111 cos8i + 1)' (4) 
where 8i is the incidence angle between the radar and the 
water surface. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
It 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Using the definitions 
(5) 
and 
(6) 
where 8i is the local incidence angle, 80 is the nominal 
incidence angle, and s~ is the wave slope (see Fig. 3) and 
Figure 3: Relationship between XI, ~' and On. Wave slope 
s~ can be described by the "rise" over the "run". 
writingpC01ol. in terms of s21 using the transformation law 
~Esz] ~Ca~cl. = ldo'~fds:~:l (7) 
yields the relationship between Sz and Oft illustrated 
in Fig. 2. The shape of these cmves for mid-
range incidence angles can be reasonably approxi-
mated by a first · or second order fit in log space 
[Gotwols and Thompson, 1994]. Thus, in general, uOA 
may be expressed as a two component exponential 
(8) 
where p is either u or h. ~~01c,J may be expressed using 
Eq. 7 as [Gotwols and Thompson, 1994]: 
1 " l { -Clnuor .. -ln1C)2 ] 
P.\.Oblu = . PC ~ 2 2 
OtOI:t71aAV2"' 2a.Jlcrz (9) 
for horizontal polarization (02=0), and 
,. 1. 1 { -(s21 )
2 ]i 
P.\!D'rcst: = • rn= exp --2- I 
Ca1 + 2a:!s~]0'¢!7'~11 v211! 2tT21 ; (10) 
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Figure 4: Weibull and Rayleigb/2-component log-normal 
distributions fitted to YSCAT data. Weibull disttibu-
tion shown as dashed line. The Rayleigh/2-component 
log-normal distribution is obscured by the data due to 
the excellent fit Data is for 5 GHz, v-pol, downwind, 
20~, 2 mls wind speed case. Rayleigh/2-component log-
normalparameters are a1=17.57, a2=-5.58, Uz=0.0914, 
and C=5.8Se4. 
for vertical polarization (a1 , 02 ~ 0), with Bz defined 
by Eq. 8 assuming ~Oszl is normally distributed with o 
mean. 
Equation 9 is the common log-normal probability dis-
tributi..on whose mean and variance are given by 
and the variance is 
Equation 10 has no commonly accepted name, but will 
be referred to as the 2-component log-normal probability 
distribution. The mean and variance of the 2-component 
log-normal distribution are 
(13) 
and 
(14) 
Equations 11, 12, 13, and 14 are helpful when "guessing'' 
seed values for the optimization routine (see below). 
Fitting the Disttibution 
Knowing functional forms for both P.~lllt.Jia' (Rayleigh 
distributed) and p( 0" cs) (2-component log-normal dis-
tributed), and again using Eq. 7, Eq. 1 may be written 
as: 
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Figure 5: Backscatter distributions for 5 GHz, v-pol, 
downwind, 20a, 2 and 6 mls. Lower curve is for 2 
mls. Parameters for 6 mls case are a1=19.2, lJ2=-14.8, 
"'~=0.0914, and C=214e4. 
The analytical solution to Eq. 15 has not been found 
by the authors. However, this integral may successfully 
be evaluated numerically. For any given values of at, f12, 
!T>.z:, and C, this integral can be numerically approximated 
for any value of a. When tabulated for a sufficient num-
ber of a's, a distribution emerges. This disttibution can 
then be fit to data using the Gauss-Newton minimization 
technique. An example is given in Fig. 4 for the case of 
5 GHz, v-pol, downwind, 20a, and 2 mls. 
In the majori.~ of cases, the Rayleigh/2-com.ponent 
log-normal distribution fits YSCAT data extremely well. 
Distributions were fit to YSCAT data by minimizing the 
4 
Kullback-Leibler distance [Cover and Thomas, 1990], 
which provides a measure of the "distance" between two 
discrete distributions and is given by 
All of the YSCAT data has been parameterized with 
the Rayleigh/2-omponent log-normal distribution. Care 
must be taken, however, because in four variables, a 1, 
a-~, mz, and C, Eq. 15 is degenerate (i..e. it has non-
unique solutions). However, mz may be calculated from 
in situ wave staff measurements. Choosing 0\.r: guaran-
tees a unique solution (except in a1, see below). For sim-
plicity, all cases presented in this paper use tn,r: = 0.0914. 
Equation 15 is also symmetric with respect to the sign of 
a1 (i.e., a, and -a1 yield the same distribution) as may 
be suspected by noting that the mean and variance (Eqs. 
13, and 14) are also symm.etrlc with respect to the sign of 
a 1 • For this reason, plots of the parameter a1 plot the~ 
solute value of a1. One example of the fitted distribution 
is shown in Fig. 4, another in Fig. 5 with the previous 
distribution included for reference. 
The two distributions are significandy different with 
the 6 m/s case having a much longer tail and greater 
mean. This difference is reflected in the fitted parame-
ters with increasing til and decreasing 02 and C. This is 
a common trend in YSCAT data. Figures 6 and 7 show 
parameter values for data at 5 and 10 GHz respectively. 
Mean Squared Wave Slope 
YSCAT data was also binned according to the 
mean square wave slope. The mean square wave 
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Figure7: a.1, 112, and C values for 10 GHz, v-pol, down-
wind, 2():1, 1-10 mls. 0 values are scaled by the relation 
li0lauto30)- ]00. 
slope can be calculated from radar data alone 
[Melville and Felizardo, 1999] [Smith, 1999], but an ar-
ray of wire wave staves was installed on the CCIW tower 
during YSCAT's deployment period. Using these wave 
staff measurements, the mean square wave slope (s~~:) 
may be calculated using a method described by Cox and 
Munk [Cox and Munk, 1956]. First the surface height 
spectrum. is computed from the 10Hz sampled wave staff 
measmements. Then, the slopes spectrum is calculated 
by 
(17) 
where A is the frequency, S(/.J is the slope spectrum, 
g is the gravitationalacceleration constant, and <J(/i) is 
the smface height spectrum. Last, the mean square wave 
slope estimate s~ is calculated using the relation 
where N is the frequency bin corresponding to the upper 
cutoff, and M. is the frequency bin corresponding to the 
lower cutoff [Barrowes, 1999]. 
s~ estimates ranged from 0-0.8 with 0.1-0.8 taken to 
be valid data. The 2-component log-normal distribution 
parameters a1 , 02, and C were tabulated for the same 
data cases as Figs. 6 and 7 according to wave slope in-
stead of wind speed and are presented in Figs. 8 and 9 
respectively. 
Discussion 
Backscatter distributions from YSCAT at S and 10 GHz, 
v-pol, downwind, 20° incidence angle, for 1-10 mls wind 
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Figure 8: ab e12, and C values for 5 GHz, v-pol, down-
wind, 20c., 0.1-0.7 wave slope. C values are scaled by 
the relation 20logto(C) - 100. 
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Figure9: a1;, 02, and C values for 10 GHz, v-pol, down-
wind, 2QC1, 0.1-0.7 wave slope. C values are scaled by 
the relation lOJog.tn(Cl -1100. 
speeds and 0.1-0.8 mean square wave slopes were shown 
to exhibit characteristic trends when parameterized by 
a combined Rayleigh/2-component log-normal distribu-
tion. These trends could prove useful in increasing our 
understanding of the effect of environmental parameters 
on radar backscatter. 
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